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The sarcoplasmic reticulum Ca2+ ATPase 1 (SERCA 1) is able to handle the energy derived from ATP hydrolysis in such a way as to determine
the parcel of energy that is used for Ca2+ transport and the fraction that is converted into heat. In this work we measured the heat production by
SERCA 1 in the two sarcoplasmic reticulum (SR) fractions: the light fraction (LSR), which is enriched in SERCA and the heavy fraction (HSR),
which contains both the SERCA and the ryanodine Ca2+ channel. We verified that although HSR cleaved ATP at faster rate than LSR, the amount
of heat released during ATP hydrolysis by HSR was smaller than that measured by LSR. Consequently, the amount of heat released per mol of
ATP cleaved (ΔHcal) by HSR was lower compared to LSR. In HSR, the addition of 5 mM Mg2+ or ruthenium red, conditions that close the
ryanodine Ca2+ channel, promoted a decrease in the ATPase activity, but the amount of heat released during ATP hydrolysis remained practically
the same. In this condition, the ΔHcal values of ATP hydrolysis increased significantly. Neither Mg2+ nor ruthenium red had effect on LSR. Thus,
we conclude that heat production by SERCA 1 depends on the region of SR in which the enzyme is inserted and that in HSR, the ΔHcal of ATP
hydrolysis by SERCA 1 depends on whether the ryanodine Ca2+ channel is opened or closed.
© 2007 Elsevier B.V. All rights reserved.Keywords: Ca2+-ATPase; Heavy sarcoplasmic reticulum; Heat production; ATP hydrolysis; Ryanodine Ca2+-channel1. Introduction
During the past decade the interest in the mechanisms
underlying thermogenesis has increased due to its implications
in diseases, such as obesity and thyroid dysfunction [1–4]. The
major site of heat production in small mammals and newborn
humans is the brown adipose tissue (BAT). However, in larger
mammals and adult humans, BAT represents only 0.3% of the
total body mass and the main site of thermogenesis seems to be
the skeletal muscle [3–6].
Skeletal muscle is the most abundant tissue of the human
body, and a small change in the rate of heat production by this
tissue represents a large contribution to the heat produced by the
whole body. Of the total heat produced by resting muscles, 50%
(white muscles) to 20% (red muscle) is derived from ATP⁎ Corresponding author. Tel./fax: +55 21 2270 1635.
E-mail addresses: demeis@bioqmed.ufrj.br, leodemeis@terra.com.br
(L. de Meis).
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doi:10.1016/j.bbamem.2007.03.016hydrolysis mediated by the sarcoplasmic reticulum Ca2+-
ATPase [7,8]. This enzyme is able to transport Ca2+ from the
cytosol to the sarcoplasmic reticulum lumen using the energy
derived from ATP cleavage.
The sarcoplasmic reticulum is composed of two morpholo-
gically and functionally distinct fractions: the heavy fraction
(HSR) and the light fraction (LSR). The LSR consists of a
network of membranes spread along the myofibrils that is
enriched in Ca2+-ATPase. The HSR corresponds to an enlarged
portion of reticulum, which in addition to the Ca2+-ATPase
contains the ryanodine Ca2+ channel, a protein involved in Ca2+
release during muscle contraction [9–15].
A proposed mechanism regulating thermogenesis in skeletal
muscle involves the cycling of Ca2+ between the sarcoplasmic
reticulum and cytosol [4,16–18]. In this cycle, the Ca2+ released
from the sarcoplasmic reticulum through the ryanodine Ca2+
channel is pumped back by the Ca2+-ATPase in order tomaintain
a low cytosolic Ca2+ concentration. According to this proposal,
the amount of heat released during the hydrolysis of each ATP
molecule would be always the same and the amount of heat
Fig. 2. Western blot of vesicles obtained from light (LSR) and heavy (HSR)
sarcoplasmic reticulum. Immunodetection was obtained with Rya C 1
(ryanodine Ca2+-channel) and SERCA 1 specific monoclonal antibodies. The
amount of protein used in the acrylamide gel to detect ryanodine Ca2+ channel
and SERCA 1 was 15 μg and 1 μg, respectively.
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ATP cleavage. Thus, the higher the rate of Ca2+ cycling, the
higher should be the amount of ATP hydrolyzed and larger the
amount of heat released. In addition, the increased ATPase
activity should also enhance the mitochondria respiration rate in
order to maintain the cellular level of ATP and this should also
contribute to the total amount of heat produced bymuscle during
Ca2+ cycling [4,16–18].
Evidences reported in the past 10 years indicate that
enzymes are able to handle the energy derived from ATP
hydrolysis in such a way as to determine the parcel of energy
that is used for molecular work and the fraction that is
converted into heat [19–23]. The Ca2+ transport by the Ca2+-
ATPase involves the phosphorylation by ATP of an aspartyl
residue located in the catalytic site forming an acyl phosphate
residue of high energy (Fig. 1, reactions 1 to 3) [11,24]. The
translocation of Ca2+ across the membrane occurs simulta-
neously with the conversion of the acyl phosphate from high
into low energy (Fig. 1, reactions 4 to 6) [11,24]. The
formation of a Ca2+ gradient leads to a back inhibition of the
ATPase activity and the arising of a branch of the catalyticFig. 1. The catalytic cycle of the Ca2+-ATPase. The sequence includes two
distinct enzyme conformations, E1 and E2. In the E1 form, the Ca
2+ binding sites
are faced to the external side of the vesicle and the enzyme have a high affinity
for Ca2+ (Ka=10
−6 M at pH 7). In the E2 form, the Ca
2+ binding sites face the
vesicle lumen and have a low affinity for Ca2+ (Ka=10
−3 M at pH 7). The Ca2+
transport involves the phosphorylation by ATP of an aspartyl residue located in
the catalytic site forming an acyl phosphate residue of high energy (reactions 1
to 3) [11,24]. The translocation of Ca2+ across the membrane occurs
simultaneously with the conversion of the acyl phosphate from high into low
energy (reactions 4 to 6) [11,24]. The raise of the Ca2+ accumulation in the
vesicles lumen promotes reversal of reaction 3, accumulation of the high energy
phosphoenzyme 2Ca:E1∼P and a decrease of ATP hydrolysis rate. The
inhibition promoted by high intravesicular Ca2+ concentration was first
described by Hasselbach and Makinose [29,34, 47] which named it as “back
inhibition”. The rise of the intra-luminal Ca2+ concentration leads to
enhancement of the steady state level of the acyl phosphate of high energy
(2Ca:E1∼P) which is cleaved before its conversion into low energy (reaction 7)
and thus, before the Ca2+ translocation. This reaction is named uncoupled
ATPase activity or slippage [19–22,25,26,35,48]. The change of the energy
level occurring in reaction 3, i.e., conversion of 2Ca:E1∼P into 2Ca:E2-P, is
promoted by the change of water activity at the catalytic site of the enzyme and
of the acyl phosphate residue solvation [24,56–58].cycle whereby the acyl phosphate of high energy (2Ca:E1∼P)
is cleaved before its conversion into low energy (Fig. 1,
reaction 7) and thus, before the Ca2+ translocation. This
branched reaction is named uncoupled ATPase activity or
slippage [25,26]. Experimental data indicates that during the
coupled ATPase activity part of the energy derived from the
cleavage of the ATP molecule is used to pump Ca2+ and part
is released as heat. However, during the uncoupled ATPase
activity all the energy derived from the ATP hydrolysis is
converted into heat. The main finding leading to this
conclusion is that the amount of heat released during the
hydrolysis of each ATP molecule (ΔHcal) in the absence of
gradient (coupled ATPase activity) varies between −10 and
−12 kcal/mol of ATP cleaved, and in the presence of
gradient increases to the range of −20 to −24 kcal/mol of
ATP cleaved. Thus, although the total amount of energy
released during ATP hydrolysis is always the same, the ΔHcal
of ATP cleavage seems to be modulated by the Ca2+-ATPase
[19–21,27–29].
In this work we measured the heat production during ATP
hydrolysis by the sarco/endoplasmic reticulum (SERCA) iso-
form 1 inserted in both HSR and LSR membranes of rabbit
white muscle. The data reported indicate that in HSR there is a
cross talk between the ryanodine Ca2+ channel and SERCA 1,
which regulates the amount of heat released during the ATP
cleavage by the enzyme.2. Materials and methods
2.1. Preparation of light and heavy SR vesicles
Rabbit hind limb white muscles were dissected from white male rabbits.
Vesicles derived from light and heavy sarcoplasmic reticulum were prepared as
described in previous reports [30]. Prior to use, vesicles were diluted in a
medium containing 50 mMMOPS/Tris buffer, 100 mMKCl, 10 mM Pi, 0.1 mM
CaCl2 and 0.1 mM of EGTA to give 4 μM free Ca
2+.
2.2. Western blotting
Proteins were separated on a 7.5% (for SERCA) and 5% (for ryanodine Ca2+
channel) polyacrylamide (SDS-PAGE) gel according to Laemmli [31].
Electrotransfer of protein from the gel to polyvinylidene difluoride (PVDF)
membranes was performed for 20 min at 250 mA per gel in 25 mM Tris,
192 mM glycine and 20% methanol using a Mini Trans-Blot cell (Bio-Rad
Laboratories, Inc. Hercules, CA, USA). Membranes were blocked with 3% non-
Fig. 3. Effect of Ruthenium Red and MgCl2 on Ca
2+-uptake. (A) Ca2+-uptake in
vesicles derived from LSR and HSR fractions. (B) Effect of 5 μM ruthenium red
and 5 mM MgCl2 on HSR Ca
2+-uptake. The assay medium composition was
50 mM Mops/Tris buffer (pH 7.0), 1 mM ATP, 2 mM MgCl2, 0.1 mM CaCl2,
0.1 mM EGTA, 10 mM Pi, 100 mM KCl, 5 mM NaN3 and trace amounts of
45Ca2+. The reaction was performed at 35 °C and was started by the addition of
vesicles (5 μg protein/ml). The calculated free Ca2+ concentration in the medium
was 4 μM. Bars represent SE of 6 to 20 experiments. t-test (*) p<0.01.
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temperature. Membranes were then washed and incubated for 1 h with anti-
SERCA 1 (clone IIH11) and anti-ryanodine receptor 1 (clone C3-33)
monoclonal antibodies at room temperature. These antibodies were obtained
from Affinity BioReagents, Inc. São Paulo, Brazil. The membranes were washed
and blots were revealed using an ECL detection kit (Amersham-Pharmacia
Biotech, Buckinghamshire, UK).
2.3. Ca2+-uptake
Trace amounts of 45Ca were included in the assay medium. The reaction was
arrested by filtering samples of the assay medium through Millipore filters [32].
After filtration, the filters were washed five times with 5 ml of 3 mM La(NO3)3
and the radioactivity remaining on the filters was counted using a liquid
scintillation counter. The assay medium contained 50 mMMOPS-Tris (pH 7.0),
2 mM MgCl2, 10 mM Pi, 0.1 mM CaCl2, 0.1 mM EGTA, 1 mM ATP, 100 mM
KCl, 5 mM NaN3 and 5–10 μg vesicle protein/ml. The free Ca
2+ concentration
in all experiments was 4 μM.
2.4. ATPase activity
This was assayed by measuring the release of 32Pi from [γ-
32P]ATP. The
reaction was arrested with trichloroacetic acid (final concentration 5% w/v).
The [γ-32P]ATP not hydrolyzed during the reaction was extracted with
activated charcoal as previously described [33]. Two different ATPase activities
can be distinguished in sarcoplasmic reticulum vesicles [11,34]. The Mg2+-
dependent activity requires only Mg2+ for its activation and is measured in theTable 1
Ca2+-uptake by LSR and HSR
Ca2+-uptake, steady state, (μmol/mg 30 min)
LSR HSR
Control 3.27±0.23 (17) 1.69±0.10 (20)
Ruthenium red, 5 μM 3.08±0.29 (4) 3.64±0.23* (7)
MgCl2, 5 mM 3.90±0.30 (4) 4.02±0.18* (6)
Assay medium and experimental conditions were as described in Fig. 3. Values
are means±SE. The number of experiments is shown in parentheses; t-test
*p<0.01 relative to control vesicles.presence of 5 mM EGTA to remove contaminant Ca2+ from the medium. The
Ca2+-dependent ATPase activity, which is correlated with Ca2+ transport, is
determined by subtracting the Mg2+-dependent activity from the activity
measured in the presence of both Mg2+ and Ca2+. In both LSR and HSR the
Mg2+ dependent ATPase represents only 5% of the total ATPase activity. In all
experiments described in this work we show the Ca2+-dependent ATPase
activity.
2.5. Heat of reaction
This was measured using an OMEGA Isothermal Titration Calorimeter from
Microcal, Inc. (Northampton, MA). The calorimeter sample cell (1.5 ml) was
filled with reaction medium, and the reference cell was filled with Milli-Q water.
After equilibration at 35 °C, the reaction was started by injecting vesicles into
the sample cell and the heat change was recorded for 30 min. The volume of
vesicle suspension injected into the sample cell varied between 0.02 and
0.03 ml. The heat change measured during the initial 2 min after vesicle injection
was discarded in order to avoid artifacts such as heat derived from the dilution of
the vesicle suspension in the reaction medium and binding of ions to the
vesicles. The duration of these events is less than 1 min [19,20,27,28].
Calorimetric enthalpy (ΔHcal) was calculated by dividing the amount of heatFig. 4. Effect of ryanodine and caffeine on HSR Ca2+-uptake. (A) Effect of
50 μM ryanodine on Ca2+-uptake in the presence of 5 μM ruthenium red.
Ryanodine was added at 17 min after reaction started (arrow). (B) Dose–
response curve for ryanodine in the presence of 5 μM ruthenium red. The
incubation time was 20 min at 35 °C. (C) Effect of 10 mM caffeine on Ca2+-
uptake. Caffeine was added at 23 min after reaction started (arrow). (D) Effect of
10 mM caffeine on HSR Ca2+-uptake in the presence of 5 μM ruthenium red or
5 mM MgCl2. Caffeine was added at 23 min after reaction started (arrow).The
assay medium composition was that described in Fig. 3. The figures show a
representative experiment.
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hydrolyzed and kcal for heat released. Negative values indicate that the reaction
was exothermic and positive values indicate that it was endothermic.
2.6. Experimental procedures
All experiments were performed at 35 °C. In a typical experiment the assay
medium was divided into three samples which were used for the simultaneous
measurement of Ca2+ uptake, ATP hydrolysis and heat release. The syringe of
the calorimeter was filled with vesicles and the temperature of the syringe was
allowed to equilibrate with that of the reaction cell of the calorimeter, a process
that usually took between 8 and 12 min. During this time, the vesicles used for
measurements of Ca2+ uptake and ATP hydrolysis were kept at the same
temperature, and protein dilution as the vesicles in the calorimeter syringe.
These different measurements were started simultaneously by adding vesicles to
a final concentration of 5 to 10 μg protein/ml. NaN3 (5 mM), an inhibitor of
mitochondrial ATP synthase, was added to the assay medium in order to avoid
interference from possible contamination of the sarcoplasmic reticulum vesicles
with this enzyme. The free Ca2+ concentration in the medium was calculated as
previously described [35–37].3. Results
3.1. Characterization of light (LSR) and heavy (HSR) fractions
Western blot analysis (Fig. 2) revealed the presence of
SERCA 1 in the two SR fractions. The ryanodine Ca2+ channel,
as expected, was predominant in HSR. In LSR only a faint band
was detected, that might correspond to either a contamination
with HSR vesicles or to the presence of small amounts of
ryanodine Ca2+ channels localized in LSR. In Fig. 2, the low
molecular weight band is a degradation product of the ryanodine
channel [38,39].
In agreement with the literature [16,30,40,41], we found that
the HSR vesicles accumulated less Ca2+ than LSR (Fig. 3A). In
order to verify if the lower Ca2+ accumulation measured in Fig.Fig. 5. ATPase activity (A), heat released (B) and correlation between ATPase activity
described in Fig. 3. Bars represent SE of 6 to 10 experiments. t-test *p<0.05; **p<3A was a consequence of the Ca2+ leakage through the
ryanodine Ca2+ channel, we measured the rates of Ca2+ uptake
in the presence of 5 μM ruthenium red and 5 mM MgCl2, two
conditions that are known to close the ryanodine Ca2+ channel
and inhibit the Ca2+ efflux from HSR [14,42–44]. As can be
seen in Fig. 3B, the addition of either 5 μM ruthenium red or
5 mMMgCl2 enhanced the rate of Ca
2+ uptake in HSR to values
similar to those found in LSR. Ruthenium red and 5 mMMgCl2
did not alter the LSR Ca2+-uptake (Table 1).
Enhancement of Ca2+ uptake promoted by ruthenium red
was antagonized by ryanodine (Fig. 4A), a substance that is
known to interact specifically with the ryanodine channel
[13,42]. In order to open the channel, ryanodine has to
antagonize the effect of ruthenium red. Therefore, the
concentration of ryanodine needed to open the channel was
higher than that needed to open it in absence of ruthenium
[13,42]. In twelve experiments performed with ryanodine it was
found that (i) the concentration of ryanodine needed to fully
antagonize the effect of ruthenium varies depending on the
amount of HSR protein used (data not shown) and (ii) the
concentration of ryanodine needed to fully antagonize the effect
of 5 μM ruthenium red was found to vary between 40 and
80 μM (Fig. 4B). This indicates that the results obtained with
ruthenium red probably represent an effect on the ryanodine
channel.
Caffeine is another drug known to open the ryanodine Ca2+
channel [45,46]. The addition of caffeine to HSR suspension
promoted a small Ca2+ efflux (Fig. 4C). However, in vesicles
pretreated with either ruthenium red or 5 mM MgCl2, the
addition of caffeine promoted a larger Ca2+ efflux (compare Fig.
4C and D). It is difficulty to distinguish whether there is
inhibition of SERCA Ca2+ uptake or the the activation of Ca2+
efflux through the ryanodine channel. We propose that caffeine
increases the Ca2+ efflux of HSR, because if caffeine were toand heat released (C) by LSR and HSR. The assay medium composition was that
0.01.
Table 2
LSR and HSR: ΔHcal of ATP hydrolysis
LSR ΔHcal (kcal/mol ATP hydrolyzed) HSR ΔHcal (kcal/mol ATP hydrolyzed)
Intact vesicles Leaky vesicles Intact vesicles Leaky vesicles
Control −21.12±2.03 (6) −9.50±2.60 (3)** −12.34±1.35 (10) −10.69±1.40 (10)
Ruthenium red, 5 μM −25.07±1.73 (4) −8.44±0.57 (4)*** −21.35±2.80 (4)# −14.51±2.27 (4)*
MgCl2, 5 mM −26.7±2.80 (3) −12.26±3.25 (3)* −22.25±1.15 (3)## −13.11±1.29 (3)**
Assay medium and experimental conditions were as described in Fig. 3. Values are means±SE. The numbers of experiments are in parentheses. t-test *p<0.05 relative
to intact vesicles; **p<0.01 relative to intact vesicles; ***p<0.001 relative to intact vesicles; #p<0.01 relative to control intact vesicles; ##p<0.001 relative to control
intact vesicles. The unit kcal/mol refers to the amount of heat released divided by the amount of ATP hydrolyzed.
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steady state level Ca2+ uptake in the LSR; such a decrease was
not observed (data not shown). In agreement with the literature
[14,16,44], the data of Table 1 and Figs. 3 and 4 indicate that,
different from LSR, the Ca2+ accumulated by HSR vesicles
varies depending on the Ca2+ efflux mediated by the ryanodine
Ca2+ channel.
3.2. ATPase activity and heat production by LSR and HSR
The aim of the following experiments was to verify if the
amount of heat released by SERCA during the ATP hydrolysis
varies depending on the region of the reticulum in which the
SERCA is inserted. For this purpose we measured both the rates
of ATP hydrolysis and heat released in HSR and LSR. A
surprising new finding was that, in spite of the fact that HSR
cleaved ATP at a faster rate than LSR (Fig. 5A), the amount of
heat released by HSR was smaller than that released by LSR
(Fig. 5B). A plot of the rate of heat released as a function of ATP
cleaved (Fig. 5C and Table 2) showed that theΔHcal of the ATP
hydrolyzed by HSR was less negative (−12 kcal/mol) than that
cleaved by LSR (−20 kcal/mol).
In order to verify if the low ΔHcal values observed in HSR
intact vesicles were related to the Ca2+ efflux mediated byFig. 6. Effects of Ruthenium Red and MgCl2 on HSR ATPase activity (A), heat re
concentration of the compounds used were 5 μM ruthenium red and 5 mMMgCl2. Th
experiments. t-test *p<0.005.ryanodine Ca2+ channel, we measured the ATPase activity and
the heat release from HSR in the presence of 5 μM ruthenium
red and 5 mMMgCl2. As can be seen in Fig. 6A both ruthenium
red and 5 mM MgCl2 decreased the ATPase activity in intact
vesicles but in this case, the amount of heat released during the
ATP hydrolysis did not vary significantly (Fig. 6B) and the
ΔHcal values measured in the presence of these two compounds
decreased from a range of −12 to −15 kcal/mol to −20 to
−22 kcal/mol (Fig. 6C and Table 2).
These results indicate that the thermogenic activity of
SERCA 1 varies depending on the region of the reticulum in
which the enzyme is inserted and also that the ryanodine Ca2+
channel activity can modulate the amount of heat produced by
the Ca2+-ATPase. Opening of the channel increases the rate of
ATP hydrolysis, but this is compensated by a decrease in the
amount of heat produced during the hydrolysis of each ATP
molecule. On the other hand, when the channel is closed by high
Mg2+ concentrations and ruthenium red, there is an increase of
the heat produced by each ATP molecule cleaved.
3.3. ATPase activity in “Leaky” HSR and LSR
The addition of the Ca2+ ionophore A23187 to the medium
promoted an increase of the ATPase activity of LSR (Fig. 7Aleased (B) and correlation between ATPase activity and heat released (C). The
e assay medium composition was described in Fig. 3. Bars represent SE of 3 to 4
Table 3
ATP hydrolysis by LSR and HSR in the presence and absence of a Ca2+ ionophore (4 μM A23187)
LSR HSR
ATP hydrolysis (μmol/mg min−1) ATP hydrolysis (μmol/mg min−1)
Intact vesicles Leaky vesicles Intact vesicles Leaky vesicles
Control 2.10±0.30 (6) 4.00±0.25 (3)** 2.82±0.21 (10)* 3.88±0.19 (10)**
Ruthenium red, 5 μM 2.01±0.17 (4) 4.08 (2) 1.85±0.18 (4)## 3.30±0.16 (4)**
MgCl2, 5 mM 1.71±0.11 (3) 3.41±0.10 (3) #, ** 1.54±0.21 (3)
## 3.81±0.28 (3)**
Assay medium and experimental conditions were as described in Fig. 3. Values are means±SE. The number of experiments is shown in parentheses; t-test #p<0.05
relative to control leaky vesicles; ##p<0.005 relative to control intact vesicles; *p<0.05 relative to LSR control intact vesicles; **p<0.01 relative to intact vesicles.
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explained by the elimination of the back-inhibition, which
corresponds to the inhibition of ATPase activity promoted byFig. 7. Effect of A23187 on the ATPase activity of vesicles derived from (A)
LSR, (B) HSR, (C) LSR plus MgCl2 (D) HSR plus MgCl2. The concentration of
the compounds used were 5 mM MgCl2 and 4 μM of A23187. The assay
medium was that described in Fig. 3. Bars represent SE of 4 to 10 experiments.
t-test *p<0.01 **p<0.05.the rise of the intra-luminal Ca2+ concentration. We now show
that the addition of Ca2+ ionophore to HSR also promoted an
increase in the ATPase activity but, the increment of the ATPase
activity was smaller than that measured in LSR, suggesting that
HSR vesicles are less back-inhibited than LSR (Fig. 7B and
Table 3). With both ruthenium red and MgCl2, the addition of
Ca2+ ionophore promoted a large increase of the HSR ATPase
activity, reaching values similar to those found in LSR (Fig. 7D
and Table 3), indicating that these two substances enhanced the
degree of back inhibition. In LSR the addition of 5 mM MgCl2
and ruthenium red did not alter the degree of back inhibition
(Fig. 7C and Table 3).
Using LSR, it was shown in early reports [19,25] that the
back inhibition favors the cleavage of ATP through the
uncoupled route (reaction 7 in Fig. 1). As a result the ΔHcal
value measured in intact vesicles is more negative than that
measured in leaky vesicles. Accordingly, Table 2 shows that the
ΔHcal for ATP hydrolysis of control LSR vesicles (gradient)
was −21 kcal/mol ATP and after the addition of the ionophore
changed to −10 kcal/mol ATP. A possible interpretation for the
findings now described with HSR is that the variability ofΔHcal
values measured with and without ruthenium red and MgCl2is
due to the degree of back inhibition of the ATPase. A small back
inhibition as that measured in control HSR would lead to a low
steady state level of the form 2Ca:E1∼P form and to a less
negative ΔHcal value. Accordingly, Table 2 shows that different
from LSR, in HSR the ΔHcal value of ATP hydrolysis in intact
and leaky vesicles are the same. In control HSR, closing of the
ryanodine channel with ruthenium red or MgCl2 promoted a
change of theΔHcal to more negative values but these drugs had
no effect on leaky vesicles. Thus, the difference of ΔHcal value
between intact and leaky vesicles in HSR treated with
ruthenium red or MgCl2 become practically equal to those
measured with LSR (Fig. 6C and Table 2). In LSR both
ruthenium red and MgCl2 did not alter neither the ATPase
activity nor the heat released during ATP cleavage.
4. Discussion
It is well documented in the literature that in several tissues,
activation of cellular events by Ca2+ are regulated by the
combined activity of the ryanodine Ca2+ channel and SERCA
[10,49,50]. The release of Ca2+ from the reticulum to the cytosol
is mediated by the opening of the ryanodine channel and the end
signal is determined mainly by the removal of Ca2+ from the
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derived from ATP hydrolysis. It has been proposed that in
addition to signal physiological events, such as muscle
contraction, the combined action of SERCA and ryanodine
Ca2+ channel could also represent a thermogenic device con-
tributing for the maintenance of body temperature in homo-
eothermic animals [4,16–18]. From this point of view, when
more Ca2+ leaks through the ryanodine Ca2+ channel, more ATP
must be cleaved to maintain the cytosolic Ca2+ concentration
within the physiological range. Thus, during Ca2+ cycling heat
would be produced both from the cleavage of ATP and from the
activation of mitochondrial respiration needed to maintain the
cellular ATP concentration [4,16–18]. One of the key features of
this proposal is that the amount of heat derived from ATP
cleavage would always be the same. As far as we know, the
possible thermogenic role of Ca2+ cycling, has not been
substantiated by direct calorimetric measurement of heat
produced. The data presented here indicate that the relationship
between SERCA and ryanodine Ca2+ channel may be more
elaborate than that previously assumed. In HSR there seems to
be a cross talk between the channel and the SERCAwhich would
regulate the amount of heat produced during ATP hydrolysis.
Some how, the opening of the channel decreases both the degree
of back inhibition and the amount of heat released during the
ATP hydrolysis. Conversely, the closing of the channel increases
both the back inhibition and the amount of heat released during
the hydrolysis of each ATP molecule.
In literature, there are several findings linking malignant
hyperthermia to mutations of the ryanodine receptor [51–53].
According to these findings, it is proposed that the mutated
ryanodine receptor is leakier than the normal channel, thus
leading to a Ca2+ loss from the reticulum into the cytosol. This
would, in turn, enhance the rate of the SERCA ATPase activity,
and the rate of heat production. At present, we think that it is
premature to speculate about a possible link between the data
presented in this report and malignant hyperthermia. The
experiments were performed with isolated SR vesicles, and this
precludes the generation of heat derived from other sources,
such as, for instance, the effects of Ca2+ in mitochondria
respiration and heat production.
It was recently shown that sarcolipin, a peptide found in
sarcoplasmic reticulum, can uncouple ATP hydrolysis from the
Ca2+ transport, promoting a decrease in the ATP ΔHcal values
[54,55]. This finding indicates that protein–protein interaction
can modify the amount of heat released during ATP cleavage.
One possibility is that in HSR vesicles, the Ca2+ released from
the ryanodine channels can modulate the interaction between
sarcolipin and the SERCA. At present, we cannot evaluate the
amount of heat generated during the activation of mitochondrial
respiration needed to compensate for the SERCA activity.
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